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especially for the treatment of patients with gramnegative bacterial infections, necessitates the introduction of innovative strategies for the use of antibiotics that are already available. The use of pharmacokineticpharmacodynamic (PK/PD) properties of carbapenems and piperacillin/tazobactam could be an effective way to improve clinical outcomes. Although not uniform, the available data suggest that PK/PD properties could be optimized by extended or continuous infusions [4] [5] [6] [7] [8] .
On the basis of such findings, physicians could improve the therapeutic effectiveness of these drugs achieving a life-saving benefit against virulent pathogens. Systematic reviews on the comparison between extended or continuous versus short-term infusion of beta-lactams [9, 10] or all antibiotics [11] have already been performed. Randomized controlled trials (RCTs) were included in these analyses, but only a few of them focused on carbapenems or piperacillin/tazobactam. One of these reviews suggested that clinical cure was higher among patients who received the same total antibiotic dose by continuous compared to those receiving short-term infusions [11] . A recent review summarized the evidence regarding the comparative effectiveness of extended or continuous versus short-term infusion of piperacillin/tazobactam but did not synthesize the available data [12] .
In this context, we aimed to systematically review the published evidence regarding the impact of the duration of intravenous administration of carbapenems or piperacillin/ tazobactam on clinical outcomes and synthesize the available data with the methodology of meta-analysis.
METHODS

Literature Search
A systematic search of the literature was performed in PubMed and Scopus databases in January 2012. The following search pattern was applied without a year limit: (carbapenem OR carbapenems OR meropenem OR imipenem OR "imipenem-cilastatin" OR "imipenem/cilastatin" OR doripenem OR ertapenem OR piperacillin/tazobactam) AND (extended OR prolonged OR continuous OR discontinuous OR intermittent OR short OR bolus OR intravenous) AND (duration OR infusion OR administration OR interval OR dosing). All articles were evaluated regardless of the writing language. Abstracts presented at the ICAAC and ECCMID conferences from 2005 and 2001, respectively, until present were also searched.
Study Selection
Any article reporting the comparative outcomes of patients treated with "extended or continuous" versus "short-term" infusion of a carbapenem or piperacillin/tazobactam was considered eligible for the meta-analysis. Studies reporting on the comparative outcomes of extended or continuous versus short-term duration but for different carbapenems in the 2 arms were not eligible for inclusion. Case reports and case series including <10 patients were excluded.
Data Extraction
The extracted data included the characteristics of each study (study design, country, and study period) and its patient population (number of clinically evaluable patients, infections), causative pathogens, drug regimens, and clinical outcomes (clinical cure, mortality, adverse events, and emergence of resistance) of the 2 groups of patients in each study. When the available data of a study was considered insufficient for the analysis, the corresponding author of the study was contacted by e-mail.
Definitions and Outcomes
The primary outcomes of the review were all-cause mortality and clinical cure (as assessed by each study's investigator) at the end of the treatment. When data regarding outcomes at the end of treatment were not provided, outcomes at test-ofcure visit were extracted. Secondary outcomes were adverse events and emergence of resistance occurring during antibiotic administration.
For the purpose of the review, patients were allocated in 2 groups: the "extended or continuous infusion" group that included patients receiving either extended infusions of a carbapenem or piperacillin/tazobactam lasting ≥3 hours or a 24-hour continuous infusion, and the "short-term infusion" group comprising patients receiving short-term intermittent drug regimens (ie, 20-60 minutes infusion).
Statistical Analysis
The meta-analysis was performed with Review Manager for Windows, version 5.1. Pooled risk ratios (RR) and 95% confidence intervals (CI) were calculated regarding all outcomes. Statistical heterogeneity among studies was assessed by using a χ 2 test (P < .10 was defined to indicate significant heterogeneity) and I
2
. The Mantel-Haenszel fixed effect model (FEM) was used when there was no significant statistical heterogeneity between the studies; otherwise, the random effects model was used as appropriate.
RESULTS
The search process in both databases generated 7282 articles (PubMed 1319, Scopus 5963), of which 13 were considered eligible for the analysis [7, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Three additional studies were identified after a search in the abstracts of ICAAC and ECCMID [15, 26, 27] , and one of them was finally included [15] . The study selection process is presented in Figure 1 . An RCT was excluded because it reported on piperacillin administration without tazobactam [28] . In addition, 2 other RCTs, one reporting on piperacillin/tazobactam and another on meropenem, were excluded due to the small number of included patients [29, 30] . The corresponding authors of 8 articles were contacted for the provision of additional data; 2 replied and provided the available of the requested data.
The characteristics of the eligible studies are presented in Table 1 . Eight studies were retrospective [7, 14, 15, 19-21, 23, 25] , 3 prospective [16, 17, 22] , and 3 RCTs [13, 18, 24] . Six studies (302 patients) reported on carbapenems [15, 17, 21, 22, 24, 25] , 7 (806 patients) on piperacillin/tazobactam [7, 13, 16, [18] [19] [20] 23] , and 1 on both classes of antibiotics [14] .
Meropenem was the most commonly administered antibiotic among studies reporting on carbapenems (in 4 of 6 studies) [17, 21, 22, 25] . Six studies evaluated patients with pneumonia [17, 20-22, 24, 25] , whereas the remaining studied patients with several types of infections. In 8 of 14 studies the causative pathogens were gram-negative bacteria only [14, 15, [19] [20] [21] [23] [24] [25] ; in 4 studies both gram-negative and gram-positive bacteria were included (approximately 50% each in the studies that provided more specific data) [16] [17] [18] 22] . Two studies did not provide data regarding gram staining of the causative pathogens [7, 13] .
Mortality
Pooling of the outcomes of 12 studies that provided data on mortality showed that mortality was lower among patients who received extended or continuous infusions of a carbapenem or piperacillin/tazobactam than those who received short-term [ Figure Six studies (782 patients) [7, 16, [18] [19] [20] 23 ] and 5 studies (213 patients) [15, 17, 22, 24, 25] reporting on piperacillin/ tazobactam and carbapenems, respectively, provided data regarding mortality. Patients who received extended or continuous infusions of piperacillin/tazobactam had lower mortality than those receiving short-term [ Figure 3 , 782 patients, RR = 0.55 (95% CI, .34, .89)], whereas no significant difference in mortality was observed between the "extended or continuous" and "short-term" infusion groups of carbapenems [ Figure 3 , 213 patients, RR = 0.66 (95% CI, .34, 1.30)]. One study provided relevant data regarding the administration of both classes of antibiotics [14] .
Two subgroup analyses regarding mortality and type of infection were performed. Patients with pneumonia (nosocomial and community acquired for whom there were available 
Adverse Events
Five studies in total provided data regarding adverse events that occurred during treatment [7, 16, 18, 22, 24] . In 3 of them no adverse events were reported [7, 16, 24] . Five of 25 patients (20%) in the continuous group experienced adverse events, whereas 6 of 25 (24%) in the short-term group in a study reporting on carbapenems experienced them [22] . Abnormalities in the liver and kidney function tests were only reported in this study. Last, 22 of 130 patients (16.9%) in the continuous group experienced adverse events, whereas 18 of 132 (13.6%) in the short-term group in a study reporting on piperacillin/tazbactam experienced them [18] . Gastrointestinal disorders and infections were the most commonly reported adverse effects, followed by electrolyte disturbances and nervous system disorders. No significant differences between the 2 treatment groups were observed for each of the aforementioned adverse events. Serious adverse events (Clostridium difficile colitis, renal failure, confusion, tachycardia, and a Figure 2 . Forest plot depicting the risk ratios of mortality of patients receiving extended or continuous versus short-term infusion of carbapenems and piperacillin/tazobactam, stratified by continuous and extended infusion. Vertical line, "no difference" point between the 2 regimens; squares, risk ratios; diamonds, pooled risk ratios; horizontal lines, 95% confidence interval. Abbreviation: CI, confidence interval.
tonic/clonic seizure) were reported only in the continuous group, but none was associated with death.
Emergence of Resistance
Five studies provided data regarding emergence of resistance during treatment [7, 16, 18, 20, 25] . In 4 of them resistant strains were not isolated following the initiation of treatment [7, 18, 20, 25] . In 1 study, 2 isolates in the continuous group developed resistance to piperacillin/tazobactam during treatment [16] . The studies did not provide data regarding the time point this outcome was assessed, the culture sample (surveillance or clinical), or the species of resistant pathogens.
DISCUSSION
The findings of this meta-analysis suggest that in total, extended or continuous infusion of a carbapenem or piperacillin/ tazobactam resulted in lower mortality than short-term infusion. Patients who received extended or continuous infusion of piperacillin/ tazobactam had lower mortality than those receiving short-term infusion; no significant difference regarding mortality was observed for patients receiving carbapenems. Extended and continuous infusion separately resulted in lower mortality than short-term infusion. Both patients with pneumonia and those with infections in different body sites had lower mortality with extended or continuous infusions than with short-term infusion. To our knowledge, this is the first meta-analysis that showed a reduction in mortality in patients with moderate to severe infections using an alternative mode of antibiotic infusion. Meta-analyses performed in the past did not show similar benefits [9] [10] [11] . This can be attributed to the antibiotics that were evaluated in the included studies of each analysis (mainly cephalosporins and aminoglycosides in other Figure 3 . Forest plot depicting the risk ratios of mortality of patients receiving extended or continuous versus short-term infusion of carbapenems and piperacillin/tazobactam, stratified by the administered antibiotics. Vertical line, "no difference" point between the 2 regimens; squares, risk ratios; diamonds, pooled risk ratios; horizontal lines, 95% confidence interval. Abbreviation: CI, confidence interval.
analyses, carbapenems and piperacillin/tazobactam only in the current one) that display different PK/PD properties and antimicrobial spectrum. Additional factors include the different patient populations under study, different infections or severity of infections, and different study design. In addition, although RCTs and meta-analyses did not show a difference in mortality or even in clinical cure, when individual newer or older antibiotics were compared, a difference in mortality was found in this analysis when the duration of infusion was prolonged. A retrospective study comparing the extended infusion of pipeperacillin/tazobactam and short-term infusion of several different antibiotics (including piperacillin/tazobactam) also showed lower mortality in the extended infusion group [31] .
Besides the mode of the administration, the total daily dose adjusted for body weight and creatinine clearance are additional important factors contributing to the outcome of patients. Previously published reports showed that in severely ill patients both the dose and the mode of administration can positively affect the outcome of patients [32, 33] . In addition, the severity of the underlying infection (represented as severity scores), the MIC of the isolated pathogens and the timing of antibiotic administration also contribute significantly in patients' outcome. It should be mentioned that one of the included studies showed that patients receiving the extended infusion of piperacillin/ tazobactam had lower mortality than patients in the short-term infusion when the APACHE II score was ≥17 (P = .04); however, no such difference was noted in patients with APACHE II score <17 [19] . Data regarding such variables was not available in the other included studies.
It is noteworthy that although mortality was significantly lower in patients who received extended or continuous infusions, the difference in clinical cure between the 2 groups did not reach statistical significance. This could be attributed to the smaller sample size in the clinical cure comparison. In addition, the observed statistical heterogeneity in the meta-analysis of clinical cure was substantial to considerable, whereas no statistical heterogeneity was found in the analysis of mortality. As it is shown in Figures 2 and 3 , the trend of all but one of the included studies in the analysis of mortality was toward lower mortality for patients receiving extended or continuous infusion of the studied antibiotics. Another issue that should be taken into consideration is that clinical cure is a more subjective outcome than death, especially when the decision on cure or failure is taken retrospectively. We have noticed similar findings in meta-analyses published in the past [34] [35] [36] .
Carbapenems as well as piperacillin/tazobactam are timedependent antibiotics in which the time the concentration of Figure 4 . Forest plot depicting the risk ratios of clinical cure of patients receiving extended or continuous versus short-term infusion of carbapenems and piperacillin/tazobactam, stratified by continuous and extended infusion. Vertical line, "no difference" point between the 2 regimens; squares, risk ratios; diamonds, pooled risk ratios; horizontal lines, 95% confidence interval. Abbreviation: CI, confidence interval. the antibiotic remains above the MIC of the pathogen (T > MIC) is the pharmacodynamic parameter associated with effectiveness. For carbapenems the T > MIC required for the achievement of the bactericidal activity is 40% of their dosing interval, whereas that for piperacillin/tazobactam is 50% [37] . Studies on patients that evaluated the PK/PD properties of carbapenems suggested that their blood concentration is better maintained above the MIC via extended or continuous than short-term infusion [4, 8] . Likewise, Monte Carlo simulations [38] [39] [40] and studies on healthy volunteers [41, 42] have reported that the extended or continuous duration administration of carbapenems results in better PK/PD outcomes, namely, T > MIC and probability of target attainment. Similar findings had been reported for extended infusions of piperacillin/ tazobactam [5-7, 12, 28, 43] .
Carbapenems as well as piperacillin/tazobactam are, in general, well-tolerated antibiotics [44, 45] . There is limited data regarding the adverse events among patients treated with extended or continuous duration infusion of antibiotics. The 2 studies that provided data did not find any differences between the compared groups (extended or continuous versus short-term infusion) of patients. One could claim that the nonstandard prolonged infusion of these drugs could induce further toxicity reactions due to the longer time the drug's concentration remains high within tissues. It is noteworthy that serious adverse events were reported only for patients receiving continuous piperacillin/tazobactam in 1 study [18] . On the other hand, a lower total daily dose may be required for the extended or continuous infusion, because lower dose of the drug is required to achieve similar concentrations in blood or other sites, as was reported elsewhere [46, 47] . Whether extended or continuous duration of administration is associated or not with adverse events requires further study.
The emergence of resistance during the antimicrobial treatment is a serious problem occurring when the tissue drug concentration is below the MIC of the pathogen, probably due to suboptimal doses [48] ; reviews suggested that optimization of the dosing scheme could be one of the potential strategies to overcome development of resistance [35] . For example, imipenem monotherapy for P. aeruginosa infections has been associated with the emergence of resistance during therapy [49] . In this meta-analysis, only 2 strains that developed resistance during treatment were reported [16] . Four studies reported that no resistant pathogen was observed during treatment [7, 18, 20, 25] . In short-term infusions, the interval during which the blood concentration of the drug is above the MIC of the pathogen is shorter than in prolonged infusion, thus allowing bacteria to survive and develop resistance mechanisms. The theoretical advantage of extended or continuous duration of infusion on the development of resistance requires further study.
The extended or continuous infusion of an antibiotic may also have economic benefits. Studies suggested that extended or continuous infusion of carbapenems and piperacillin/ tazobactam was more cost-effective than short-term infusion [13, 16, 25, 50] . The potential economic benefits might be attributed to lower cost for antibiotic acquisition as showed in studies that used lower doses in patients with extended infusion or fewer days of ICU or hospital stay [14, 25] .
The findings of this meta-analysis should be interpreted in view of certain limitations. First, 3 of 14 of the included studies were RCTs; thus, RCTs contributed only a small subset of patients in the meta-analysis (approximately 25%). Therefore, there is a possibility that confounding factors that could not be tested have contributed significantly in the outcomes of patients. Second, other antibiotics have been administered in several of the enrolled patients [13, [19] [20] [21] 23] . The outcome of patients treated with monotherapy and combination therapy was not available for further analysis. Although differences in favor of combination therapy for the treatment of patients with P. aeruginosa have been implied in a meta-analysis [51] , the currently available data suggest that combination antibiotic therapy is not associated with better outcomes than monotherapy [52] [53] [54] [55] [56] . In everyday clinical practice, most patients with severe infections receive a combination of antibiotics. In addition, it is unlikely that an adequately powered RCT will evaluate the outcome of patients with either severe or multidrugresistant infection with monotherapy or combination therapy in the near future. Third, in a few studies (those reporting on extended infusions) the total daily dose of the administered antibiotic was different in the compared groups or low for the short-term infusions, thus providing an additional confounding factor as to whether the clinical outcome should be attributed to the duration of the infusion or the total daily dose [14, 19, 23, 25] .
In conclusion, the evidence from mainly nonrandomized studies suggests that the extended or continuous infusion of carbapenems and piperacillin/tazobactam results in lower mortality, a finding that applies for both continuous and extended infusion separately. However, well-designed RCTs are warranted to validate these findings before such strategy can be widely applied in clinical practice. In addition, studies should focus on patient populations that might benefit more, should address the issues of antibiotic resistance and adverse events, and provide insights on the economic variables.
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